This paper describes the isolation of 3-fluo- 
Among the genetic control systems that are known to date, only the lactose operon system of Escherichia colh has been sufficiently. investigated to the point where the chemical structures of all of the components are known (1) (2) (3) . Of particular interest are the two macromolecular components of the system, the lac repressor protein and the lac operator DNA sequence. The task now is to correlate the chemical structures with their functions. We describe here a nuclear magnetic resonance (NMR) approach to this problem.
Recent advances in the development of high sensitivity and resolution Fourier transform (FT) NMR spectrometers have made this a powerful tool in the investigation of the conformation and dynamics of macromolecules in solution. The use of 1H NMR to study proteins, particularly ones as large as the lac repressor, which has four identical subunits of 347 amino acids each (3) , has been limited by the complexity of the spectra obtained and the difficulty of making specific correlations between the features in the spectrum that one obtains and specific nuclei in the macromolecule.
Sykes et al. (4) , Browne and Otvos (5) , and Anderson et al. (6) have shown that it is possible to isolate alkaline phosphatase and coliphage fd gene 5 protein that have been substituted with 3-fluorotyrosine. In both cases, the resulting 19F NMR spectra show as many resolved peaks as tyrosines in the subunit polypeptide chain: eleven in the case of alkaline phosphatase and five in the case of gene This paper describes the efficient incorporation of 3-fluorotyrosine into lac repressor under conditions applicable to a number of interesting E. coli proteins, without the use of tyrosine-requiring strains (4) (5) (6) . The The lac repressor is particularly suited to this approach, since mutations that occur at each of the eight tyrosines (7, 8) have been isolated in the lacI gene. It will be possible to assign the features in the 19F .NMR spectrum to specific tyrosines in the lac repressor primary structure by isolating fluorotyrosine lac repressor from each of these mutants. This leads to a simple solution of the problem of NMR peak assignments; thus, a detailed NMR analysis of the solution structure and dynamics of the lac repressor molecule, including changes that occur upon interaction with other molecules, can be pursued with a precise knowledge of the amino acid residues involved.
MATERIALS AND METHODS
The E. colh strain used throughout these experiments is CSH46 (same as M96) (9) . This strain requires proline and thiamine, is unable to grow on arabinose or lactose, and is lysogenic for a temperature-inducible prophage (XcI857, St68, hS0dlacIZ) which in turn carries part of the lac operon. The lac region contains a mutation in the Z gene (U118) and has the I (SQ) overproducing promoter.
Media. Rich medium, when used, was LB (9). Minimal medium was M9 (9) supplemented with glucose (1%), thiamine (1 ug/ml) and the naturally occurring L amino acids (20.ug/ml, or 0.2 mM) except tyrosine, tryptophan, and phenylalanine. Tryptophan and phenylalanine were present at 1 mM. DL-3-Fluorotyrosine was synthesized starting with 3-fluoro-p-anisaldehyde (Aldrich Chemical Co.) as described in ref. 10 . The 3-fluorotyrosine obtained was characterized by its-infrared and ultraviolet spectra, and by the 19F NMR spectrum at neutral and alkaline pH-. No tyrosine contamination could be found when the 3-fluorotyrosine was chromatographed on cellulose plates in isopropanol:NH40H (17%):H20, volume ratio 4:2:1, or electrophoresed at pH 9.2 in 0.05 M NH4HCO3 buffer on Whatman 3MM paper. Separation in the electrophoresis occurs because the pK of the 3-fluorotyrosine phenolic proton is 8 rather than 10.5 for tyrosine. 3-Fluoro[3H]tyrosine and [3H]tyrosine were made by exchanging the 3H from 3H20 onto the a position (11) .
Purification of the 3-fluorotyrosine lac repressor, isopropyl-fl-D-thiogalactoside (IPTG) binding assays, and operator DNA binding assays follow published procedures for normal lac repressor (9, (12) (13) (14) . The 3-fluorotyrosine lac repressor had about 35% activity for operator binding, comparable to published results with normal lac repressor (12, 13) . The absorption coefficient was determined by comparing a biuret protein measurement (15) of the 3-fluorotyrosine lac repressor with a standard curve obtained for normal lac repressor. Both proteins were judged to be greater than 98% pure from gel electrophoresis (16) . Overall yields of 3-fluorotyrosine lac repressor from the phosphocellulose step (12) have been about 40-50% of the yield from equal amounts of bacteria grown in rich medium.
Percentage substitution of tyrosine by the 3-fluorotyrosine: lac repressor isolated from the bacteria induced in the presence of 3-fluorotyrosine was hydrolyzed in 6 M HC1 at 120°for 18 hr. Tyrosine and 3-fluorotyrosine were separated from the rest of the amino acids by a 1 X 18cm Bio-Rad AG 50W-X8 column eluted with 0.2 M pyridine acetate buffer at pH 3.1 (17) . Tyrosine and 3-fluorotyrosine elute together, separated from the other amino acids. The fractions comprising the tyrosine peak from the column were then pooled, lyophilized, and redissolved in 0.01 M HC1 and applied to Whatman 3MM paper for electrophoresis as described above. The tyrosine and fluorotyrosine regions were eluted from the paper with 0.01 M HC1 and measured spectrophotometrically.
The '9F FT-NMR spectra were obtained at 94 MHz with a JEOL model JNM-PS 100 FT-NMR spectrometer equipped with a 10 mm fluorine probe and a variable temperature attachment. An internal deuterium lock was used to assure field stability during..data accumulation. The 3-fluorotyrosine lac repressor was dialyzed against the D20 buffer at 40 in a dialysis block for 24 hr just prior to the NMR measurements. Other details are in the legend for Fig. 5 .
RESULTS
Incorporation of the 3-Fluorotyrosine. In previous attempts to biosynthetically incorporate the fluorine nucleus into proteins for spectroscopic purposes, tyrosine (4-6) or tryptophan (5, 18) auxotrophs were used. Since Sykes et al. (4) have shown that the incorporation of 3-fluorotyrosine is a useful tool in studying protein structure and dynamics, it seemed worthwhile to develop a general method of getting this analogue into proteins without the necessity of constructing the tyrosine auxotroph in every instance.
Because 3-fluorotyrosine and 2-fluorotyrosine are growth inhibitors (19) , it is not possible to simply grow theE. coil in a medium containing one or the other analogue. In the case of auxotrophs, since there is competition for the transfer RNA activating enzyme that very much favors the normal tyrosine (20), one must then arrange the growth conditions to have the bacterial culture exhaust the supply of tyrosine before the analogue is added. The alternative is to change the medium by filtration or centrifugation of the bacteria followed by resuspension. This is usually not practical when one considers the culture volumes necessary to obtain proteins in the amounts required by NMR measurements.
It should be possible to take advantage of the ability of tryptophan, phenylalanine, and 3-fluorotyrosine to feedbackinhibit and repress the first enzyme of the aromatic pathway, 3-deoxy-D-arabinoheptulosonate-7-phosphate synthetase, which exists as three isoenzymes that are sensitive to each of the aromatic amino acids (20, 21) . In E. coil, the form of 3-deoxy-D-arabinoheptulosonate-7-phosphate synthetase sensitive to repression and feedback inhibition by tyrosine is undetectable in bells grown in the presence of the aromatic amino acids (22) . This is reflected in an observation that 10 mM 3-fluorotyrosine in the medium reduces tyrosine incorporation by 96% in wild type E. coli (23) . We chose 1 mM, since this allowed near maximal incorporation (see Fig. 1 ), and, at the samd time, used 10-fold less 3-fluorotyrosine. The phenylalanine-sensitive form of 3-deoxy-D-arabinoheptulosonate-7-phosphate synthetase is heat sensitive (24) , so that it should be inactivated during the heat induction step we employ. Under these conditions, we can add the 3-fluorotyrosine in the middle of balanced exponential growth and take advantage of the bacterial protein synthesizing system while it is functioning optimally. This could be the reason that our yields of 3-fluorotyrosine lac repressor, 50%, are higher than the yields of 3-fluorotyrosine alkaline phosphatase, 10%, obtained by Sykes et al. (4) .
Since the addition of the 3-fluorotyrosine is growth inhibitory, Sykes et al. (4) and replication of the prophage increases the number of gene copies for the lac repressor for the purpose of 3-fluorotyrosine incorporation. Fig. 2 shows that not only is the rate of appearance of lac repressor about the same as in rich medium or minimal medium without 3-fluorotyrosine, but also the same specific activities for IPTG binding are reached in the presence of the analogue.
Properties of the 3-Fluorotyrosine-Substituted Repressor. Table 1 summarizes and compares some of the physical properties of the lac repressor isolated from the cells grown in minimal medium and induced in the presence of 3-fluorotyrosine with the properties of normal lac repressor. We note here a somewhat higher extinction coefficient as was seen in the case of 3-fluorotyrosine alkaline phosphatase (4). Fig. 3 shows the spectroscopic changes at two different pH values under denaturing conditions. The 3-fluorotyrosine-substituted lac repressor undergoes large changes in the absorption spectrum when shifted from pH 7 to pH 9, due to the fluorine substitution. Using the assumption that extinction coefficients (27, 28) are additive, the hypochromicity in Fig. 3 shows that the 3-fluorotyrosine lac repressor has about 90% of its tyrosines replaced by the fluorine analogue. This agrees with the data in Table 1 obtained'by amino acid analysis.
The ability of the 3-fluorotyrosine lac repressor to bind inducer, IPTG, and operator-containing DNA is implied by the measurements of the binding constant for IPTG and the dissociation constant for the lac repressor-operator complex in Table 1 NMR Spectrum. Fig. 4 shows the 19F NMR spectrum of the native 3-fluorotyrosine lac repressor in Tris-KCl buffer. Fig.  5 shows the 19F NMR spectrum of the lac repressor in the same buffer with 8 M guanidine-HCl. One notes that the six resonances in Fig. 4 Fig. 4 arise from fluorines on tyrosines in different environments with Fig. 4 show the peak position for the single peak in the denatured lac repressor spectrum and the position of the center of the resonance peaks for fluorotyrosine at pH 10, respectively. The center of the resonance peaks for 3-fluorotyrosine at pH 7.5 is identical to the position of the resonance seen in Fig. 5 . Although the spectrum of free fluorotyrosine is more complex due to coupling with the 1H nuclei in the phenol ring, the width of the spectrum of free fluorotyrosine (0.25 ppm) is less than the width of a single resonance peak in Fig. 4 . [There is a negative nuclear Overhauser enhancement in alkaline phosphatase (4), so that proton decoupling was not attempted.] The decreased freedom of motion of fluorotyrosine when it is incorporated in a large polypeptide chain results in a broadened peak for the fluorine resonance. A theoretical treatment by Hull and Sykes (29, 30) shows that one may make a rough estimate of the number of fluorines and thus the number of tyrosines from an integration of the NMR spectrum made under the conditions described in the legend to Fig. 4 . The areas of the peaks normalized to M2 of the area of peaks 1 plus 2 is shown in Table 2 . Not all of the resonances need have their full intensities represented here, since it is possible that the delay between transients in the accumulated spectrum was not long enough. From the sum seen in the (32) . Thus, 3-fluorotyrosine should not have a large effect on the structure of a protein, although it may have a large effect on catalysis if it were in the active site, since its pK is altered.
It is possible to make several observations about the lac repressor tyrosines from the NMR spectrum shown in Fig. 4 (4) , and that for the lac repressor shown in Fig. 5 (36) , the arabinose operon (37) , the tryptophan operon (38) , and the histidine utilization operon (39) ; the a, Al, and j3' subunits of RNA polymerase (40, 41) 
